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ABSTRACT: The impact of organic light emitting diodes (OLEDs) in modern life is witnessed by their
wide employment in full-color, energy-saving, flat panel displays and smart-screens; a bright future is
likewise expected in the field of solid state lighting. Cyclometalated iridium complexes are the most used
phosphorescent  emitters  in  OLEDs  due  to  their  widely  tunable  photophysical  properties  and  their
versatile synthesis.  Blue-emitting OLEDs, suffer from intrinsic instability  issues hampering their  long
term stability. Backed by computational studies, in this work we studied the sky-blue emitter FIrpic in
both  ex-situ and  in-situ degradation  experiments  combining  complementary,  mutually  independent,
experiments  including  chemical  metathesis  reactions,  in  liquid  phase  and  solid  state,  thermal  and
spectroscopic studies and LC-MS investigations. We developed a straightforward protocol to evaluate the
degradation  pathways  in  iridium  complexes,  finding  that  FIrpic  degrades  through  the  loss  of  the
picolinate ancillary ligand. The resulting iridium fragment was than efficiently trapped “in-situ” as BPhen
derivative 1. This process is found to be well mirrored when a suitably engineered, FIrpic-based, OLED is
operated and aged. In this paper we (i) describe how it is possible to effectively study OLED materials
with a small set of readily accessible experiments and (ii) evidence the central role of host matrix in
trapping experiments.
INTRODUCTION
Organic  electronic  technologies,  which include
light emitting diodes, field effect transistors and
organic  photovoltaics,  are  vibrant  research
sectors  from  both  the  academic  and  industrial
standpoint.1 In  particular  organic  light  emitting
diodes  (OLEDs)  stand  out  like  the  reference
technology employed in energy saving flat panel
displays  and looked as  promising alternative  to
develop  solid  state  lighting.2 These  devices
consist  of  organic  and  organometallic  materials
arranged  in  a  thin-film  multilayer  architecture,
either  solution-processed  or  vacuum-deposited,
sandwiched  between  two  electrodes.  In  OLEDs,
light is generated and emitted as the result of the
electroluminescence (EL) process which involves
i) injection of electrons and holes under applied
voltage  from  the  cathode  and  anode,
respectively, ii) migration of the charges through
the  device  layers  and  iii)  charge  trapping  and
recombination, with formation of excitons, at the
emitting  material.  Excitons  will  ultimately
radiatively  decay  to  the  ground  state.
Phosphorescent  transition  metal  complexes
(mostly  based  on  Ir(III)  and  Pt(II)  metal  ions),
doped  in  a  host  material,  have  been shown to
yield  100%  internal  quantum  efficiency  by
harvesting  both  singlet  and  triplet
electrogenerated  excitons.3 High  external
quantum  efficiencies  have  been  achieved
combining light extraction techniques with device
engineering.  Improved  exciton  recombination  in
the  emissive  layer  has  been  obtained  using
blocking layers and carefully selecting the layered
materials  to  improve  the  charge  injection  and
charge transport balance. Cyclometalated iridium
complexes  are  the  most  used  phosphorescent
emitters  because  of  their  fine  tunable
photophysical  properties  and  the  versatile
synthesis.3,4 Iridium  complexes  have  been
developed to span emissions from the deep UV
down to the near IR spectral region as a result of
the  great  demand  for  commercial  applications.
Yet,  two  big  issues  are  evident:  the  lack  of
efficient  emitters  for  the  NIR  region3 and  the
severe instability issues of blue emitters. 
Especially in the latter contest, the study of the
degradation  processes,  ultimately  leading  to
OLED  failure,  is  essential  to  meet  the  device
lifetime  and  the  color  stability  needed  for
commercialization.  Degradations  in  OLEDs  can
occur  through extrinsic  mechanisms as  well  as
through  a  long-term  intrinsic  degradation.5,6
Extrinsic mechanisms, such as the formation of
non-emissive dark spots and electrical shorts, are
tightly  linked  to  the  fabrication  conditions.  A
careful control and optimization of the processing
methods  can  ultimately  limit  and  avoid  their
occurrence;  for  instance,  high-vacuum  thermal
evaporation methods offer the best conditions to
meet the standards of efficiency and lifetime of
commercial  devices.7-9 On  the  contrary,  the
intrinsic  mechanisms,  still  holding  many  open
issues, mainly consist in the chemical alteration
of  the  organic  or  metal-organic  materials
affecting  the  device  emission  efficiency  (i.e.
brightness  decrease  and  operating  voltage
rise),10 and they are particularly relevant in the
emitting layer. While a recent work highlights the
role of the exciton-induced generation of radical
ion  pairs  between  the  host  and  the  dopant
emitter,11 we are mainly interested in the fate of
the  exciton  once  it  is  trapped  on  the  dopant
emitter  and  it  can  initiate  intramolecular
degradations  from  the  molecular  excited  state
(therefore  forming  nonradiative  recombination
centers  and  luminescence  quenchers).  The
understanding  of  chemical  degradations
occurring in phosphorescent blue-emitters is far
more important compared to degradation of the
green or red ones. In fact, the higher energy of
the emitted blue photons,4 i.e. the higher energy
of  the  emitter  excited  state,  combined  to  the
long (~0.5-5 μs) triplet lifetime, can lead to the
thermal  population  of  non-radiative  excited
states  (involving  antibonding  orbitals).  As  a
result, blue OLEDs display shorter lifetime.
The study of emitter degradation is challenging
and  requires  the  a  priori identification  of  the
decomposition products to frame a mechanistic
understanding.  The  difficulties,  from  the
experimental  standpoint,  lie  in  the  fact  that
emitters  are  doped in  low concentration in  the
EML and only a small fraction of them degrade;
on  one  hand,  even  tiny  amount  of  degraded
compounds produce efficient traps, on the other
hand, very small quantity of material is available
for  analysis  (considering  the  average  of  20-40
nm thickness of the emissive layer), limiting the
number  of  suitable  analytical  techniques.  The
high-performance liquid chromatography coupled
with UV-Vis12 and mass spectrometer (HPLC-MS)13
detectors  or  laser  desorption/ionization  time-of-
flight  mass  spectrometry  (LDI-TOF-MS)14,15 also
combined with X-ray photoelectron spectroscopy
(XPS)16 offer  the  highest  sensitivity  for  such
studies  and  have  been  employed  in  early
investigations.  Several  studies  reported  ligand
dissociation reaction under device operation and
demonstrated  that  it  can  be  an  irreversible
process  if  the  resulting  coordinatively
unsaturated fragment undergo further reactions
with  surrounding  molecules  from  the  adjacent
transport layers,  for example 4,7-diphenyl-1,10-
phenanthroline  (BPhen).  This  has  been
investigated  by  Leo  et  al. for  a  variety  of
organometallic  iridium  complexes  such  as
Ir(MDQ)2(acac),17 Ir(ppy)318,19 and  FIrpic20,21
employing  LDI-TOF-MS  technique,  although  a
possible  damage  effect  of  the  incident  laser
during the analysis  cannot  be completely ruled
out  as  source  of  fragmentation.5,16 Moreover,
evidences of red shift in the electroluminescence
spectra  under  device  operation  have  been
reported,  whether  ascribed  to  ligand
substitution22,23 or related to emitter aggregation
(FIrpic).9,24 Thompson and co-worker reported on
the device aging and photochemical stability of
the well-known Ir(ppz)3.23 This is also the case of
FIrpic  (bis[2-(4,6-difluorophenyl)pyridyl-  C2,N]
(picolinato)  iridium(III))  (Scheme  1),  the  most
representative  blue  phosphorescent  emitter.  It
provides highly efficient blue OLED as dopant in
host matrix but it is highly instable leading to fast
failure  in  operating  device.25 Several  studies
reported that ligand dissociation in FIrpic can be
irreversible since it can be followed by CO2 loss.20
Moreover,  the  cleavage  of  fluorine  atoms  has
been observed after thermal evaporation of the
material and device aging.26
Cargnoni and Ceresoli  thoroughly detailed the
degradation mechanism of FIrpic in both ground
and  excited  states  and  by  exciton  formation.27
Among their results, it stands out the weakness
of  the  picolinate  ligand  (pic)  towards  excited
state  dissociation.  In  summary,  FIrpic
sequentially undergoes a bond breaking at the Ir-
N(pic)  site  followed  by  loss  of  the  picolinate
ligand.27 In  this  hypothesis,  the  coordinative
open, left-over, Ir fragment could be trapped with
proper  molecules.  On  this  ground,  our
experiments  are  designed  to  track  the
degradation  follow-up.  In  this  study  we
speculated,  thought  later  proved,  that  once
picolinate falls apart (Scheme 1),  the degraded
molecule  could  be  trapped  by  a  strongly
coordinating  bidentate  phenantroline  ligand,
BPhen,  thus  obtaining the charged heteroleptic
[Ir(F2ppy)2(BPhen)]+,  complex  1.  The  simplified
scheme  of  the  overall  degradation/trapping
process  is  depicted  in  Scheme  1.  The  use  of
BPhen  provides  complex  1 with  properties
significantly different compared to FIrpic allowing
